Clostridium difficile (Cd) is the leading cause of antibiotic-associated diarrhea. During an infection, Cd must compete with both the host and other commensal bacteria to acquire iron. Iron is essential for many cell processes, but it can also cause damage if allowed to form reactive hydroxyl radicals. In all organisms, levels of free iron are tightly regulated as are processes utilizing iron molecules. Genome-wide transcriptional analysis of Cd grown in iron-depleted conditions revealed significant changes in expression of genes involved in iron transport, metabolism and virulence. These data will aid future studies examining Cd colonization and the requirements for growth in vivo during an infection.
INTRODUCTION
Clostridium difficile (Cd) is a Gram-positive, spore-forming, bacterium that causes over 450 000 infections each year (Dieterle and Young 2017) . Most Cd infections occur after antibiotic administration, which disrupt the intestinal microbiota (Rodriguez et al. 2016) . Infection occurs following ingestion of Cd spores, which then germinate into vegetative cells. This metabolically active form must acquire the necessary nutrients needed to colonize, grow, and cause disease. Iron is required for many different cell processes including metabolite biosynthesis, DNA replication, electron transfer, and gene regulation (Ezraty and Barras 2016) . Due to its important role in many cell processes, the amount of free iron in the body is very low, approximately 10 −18 M (Sheldon, Laakso and Heinrichs 2016) . Since host iron storage mechanisms such as transferrin, lactoferrin, or hemeproteins, typically sequester free iron, bacterial pathogens have evolved mechanisms of effective iron acquisition and import (Skaar 2010; Parrow, Fleming and Minnick 2013; Ezraty and Barras 2016) . Low iron environments serve as a signal for many pathogenic bacteria to induce expression of virulence factors, including iron acquisition machinery (Skaar 2010) . Iron acquisition mechanisms are vital for multiple pathogens that colonize the gastrointestinal tract. The iron importer FeoB plays an important role in Helicobacter pylori virulence and both FeoB and TonB are important for growth of Salmonella in the murine gut (Tsolis et al. 1996; Velayudhan et al. 2000) . Additionally, commensal Escherichia coli species reduce Salmonella colonization by competing for iron in the gut (Deriu et al. 2013) . We sought to better understand how Cd survives in an iron limited environment. Here, we report the transcriptional changes that occur in response to Cd growth in an iron-limited environment. We Figure 1 . Growth of C. difficile 630 during iron starvation. Growth of C. difficile 630 in either BHIS (black) or BHIS + 75 μM 2 2 -dipyridyl (DP) (red). Growth was measured by OD600 and samples were removed for RNA isolation and subsequent transcriptome analysis at indicated time points (arrows). Data presented are mean + SD of three replicates.
identified the induction of iron acquisition systems, iron stress adaptation, polyamine utilization, and metabolism in response to this signal. Understanding how C. difficile acquires iron during infection can lead to the identification and development of therapeutic strategies for starving or outcompeting this pathogen during infection.
RESULTS AND DISCUSSION
Due to the limited bioavailability of iron in the host gastrointestinal tract, we predicted that Cd is well adapted to surviving in an iron limited environment. To better understand how Cd adapts to low iron environments, transcriptional profiling of Cd grown in either nutrient-rich medium (BHIS − high iron) or in BHIS containing the iron chelator 2,2 -dipyridyl (BHIS + DP − low iron). Iron starvation can be observed as a reduction in a growth rate at later time points in cultures containing DP (Fig.  1 ). Samples were grown in triplicate and a portion of each culture was removed at indicated time points (Fig. 1, arrows) for RNA isolation and subsequent analysis using a custom Cd Agilent. Expression of a given gene was considered significant if both a J5 score (Patel and Lyons-Weiler 2004) and fold change were greater than 2. Genes identified as significantly induced at any of the time points tested were analyzed using hierarchical clustering and the results are presented in Fig. 2a . Clear patterns of gene expression can be observed by clustering the significant genes. Cluster A includes genes that were induced at 5 h and remained expressed at higher levels through 7 h. A small group of genes were identified as significantly induced at 3 and 7 h only (cluster B). Clusters D and E represent genes with high expression at early time points, but lower levels at 7 h. As iron starvation became more evident based on reduced growth rates in the presence of dipyridyl, a greater number of significantly regulated genes were observed, with the most changes identified at 7 h ( Fig. 2a , cluster C). Table 1 shows the 25 most induced genes at this time point. Significantly induced genes from each time point are presented in Tables S1-S3 (Supporting Information). Eight genes were chosen at random from among those most induced and repressed to confirm the microarray results using qPCR. Expression was determined as fold change relative to Cd630 36610. Fig. 2b shows the expression levels identified in both the microarray and qPCR data sets for each of these genes. Many of the genes induced during growth of Cd in irondepleted conditions have annotated roles in iron acquisition. In an anaerobic environment, the dominant form of iron is the ferrous form. Bacteria use ferrous iron permeases known as Feo transporters to transport free ferrous iron (Lau, Krewulak and Vogel 2016) . These transporters are typically composed of a membrane bound unit (FeoB) and a cytoplasmic unit (FeoA). The genome of Cd630 encodes three Feo transporters, though only two were induced by iron starvation (Cd630 14770-14790 and Cd630 32730-32740). The third Feo transporter Cd630 15180-15170) shows homology to a Feo system found in Porphyromonas gingivalis that is involved in manganese import (Dashper et al. 2005) . Additionally, three ABC transporters predicted to import siderophores were induced in low iron conditions. Although no orthologs of known siderophore biosynthetic genes were identified in the genome of Cd630, we hypothesize that Cd utilizes siderophores produced by other members of the intestinal microbiota.
Bacteria have adapted multiple ways to respond to iron limitation. Flavodoxin, which was ∼100-fold induced in the array, can functionally replace ferredoxin as an election transfer protein in iron-limiting conditions (Yoch and Valentine 1972; Chandrangsu, Rensing and Helmann 2017) . Proteins with Fe-S clusters are excellent sensors of redox-or iron-related stress due to the ability to access the redox state of iron (Py and Barras 2010) . The expression of several genes involved in Fe-S formation and containing Fe-S clusters were induced and repressed suggesting the use of Fe-S clusters as redox sensors. Another mechanism of adaption is the utilization of alternative cations. Transition metals are important cofactors for the function of many enzymes (Waldron and Robinson 2009) . Consequently, several mechanisms to import non-iron cations were induced in low iron including an annotated P-type ATPase, the zinc transporter ZupT, and magnesium ATPases. Although the role and specificity of these systems in Cd remains to be elucidated, ZupT and P-type ATPases from other organisms exhibit broad specificity and function in uptake of Zn 2+ , Fe 2+ , Co 2+ and Mn 2+ (Kuhlbrandt 2004; Grass et al. 2005) . In the absence of iron, other metal cations may be substituted for iron in biological processes and used as cofactors for virulence factors (Palmer and Skaar 2016) . Overall, low iron serves as an environmental indicator signaling changes in energy production, signaling pathways and the transport of alternative transition metals that likely contributes to Cd survival during an infection. Several genes associated with virulence in other pathogens were induced by iron starvation including those involved in polyamine biosynthesis and uptake, histidine biosynthesis and motility. Polyamines are low molecular weight polycations that, similar to iron, are essential for the growth of both prokaryotes and eukaryotes (Shah and Swiatlo 2008) . Several reports have described polyamines themselves as a virulence factor, including evasion of killing by the immune system, siderophore production and biofilm production (Oves-Costales et al. 2008; Shah and Swiatlo 2008; Carlson et al. 2010) . Additionally, polyamines chelate metal cations and have been suggested to co-transport iron in proliferating Caco-2 cells (Lescoat et al. 2013 ) allowing for the possibility that polyamines are directly involved in iron acquisition in Cd.
Histidine biosynthesis genes were also induced in low iron conditions. Histidine has a high affinity for metals and is an amino acid involved in nitrogen metabolism and synthesis of purine nucleotides. Histidine could have a role in iron homeostasis due to its high affinity for iron. In Aspergillus fumigatus increased histidine was observed in low iron conditions and functioned to prevent heavy metal toxicity suggesting a role in both uptake and detoxification (Dietl et al. 2016) .
Bacterial flagellar systems are well-known virulence factors involved in adherence, nutrient acquisition, virulence factor translocation and activators of host toll-like receptor 5 (TLR5) (Duan et al. 2013) . Several flagella-associated genes were slightly induced during iron starvation. The role of flagella in Cd pathogenesis is unclear as some strains without flagella are still able to cause disease (Baban et al. 2013; Stevenson, Minton and Kuehne 2015) . It is possible that the expression of flagella occurs early after colonization as vegetative Cd begins acquiring nutrients including iron.
Many genes involved in iron homeostasis are regulated by the ferric uptake regulator (Fur). The data presented here are generally consistent with previous studies on Fur regulated components of iron acquisition in Cd. Ho and Ellermeier examined the transcriptional profile of Cd in a Fur mutant compared to wild type. Many of the iron acquisition genes induced in low iron conditions in the present study were also de-repressed by a fur mutation (Table S1 -S3, Supporting Information) (Ho and Ellermeier 2015) . Interestingly, we identified several genes induced in low iron that were not regulated by Fur including components of metabolism, polyamine biosynthesis, flagellar biosynthesis, and magnesium transport. Overall, many changes occur during Cd growth in iron limiting conditions. This work provides a greater understanding of how Cd compensates and adapts during an infection where competition for iron is fierce.
MATERIALS AND METHODS
Cd strain 630 was cultured in BHIS (brain-heart infusion broth supplemented with 0.5% yeast extract and 0.1% cysteine) unless otherwise indicated. Overnight cultures were grown anaerobically (Coy Laboratory Products, MI) at 30
• C to minimize sporulation and bacterial death in cultures. These samples were then back diluted 1:10 in BHIS broth for 2 h to allow all cultures to reach early log phase and, therefore, active growth. Actively growing cultures were then diluted to an OD 600 of 0.05 into BHIS or BHIS containing 2,2 -dipyridyl (75 μM) and incubated at 37
75uM dipyridyl was chosen as a concentration that showed iron limitation (late phase growth defect) without complete inhibition of growth (data not shown).
RNA isolation and analysis
At the indicated time points (3, 5 or 7 h) samples grown in BHIS or BHIS + DP were removed to isolate RNA using the following methods. Bacteria were collected using a 0.2 μM vacuum filter. Isolated bacteria were resuspended from the filter in cold nuclease free water. Preheated lysis buffer (2% SDS, 16mM EDTA and 200mM NaCl) was added to the resuspended bacteria and immediate incubated at 100 • C for 3 min. Nucleic acid was isolated using two hot phenol extractions (65 measured by spectrophotometry and quality confirmed using an Agilent Bioanalyzer. Triplicate samples were then assessed using a custom Cd Agilent microarray using manufacturer's protocols. The microarray was designed using Agilent's eArray platform and the genome of C. difficile 630. Probes corresponding to each ORF are included on the array in a minimum of four replicates. Full details of the array contents can be found with the deposited data.
Microarray data analysis
Analysis of microarray data was performed as previously described (Carlson et al. 2009 ). The J5 value and fold-change for all genes with a significant change in transcription levels between conditions are reported in Tables 1 and S1 -S3 (Supporting Information). Log transformed normalized intensity values for these genes were then input into GenePattern (Golub et al. 1999) for hierarchical clustering visualization (Pearson correlation).
Quantitative PCR
All qPCR experiments were performed as previously described (Carlson et al. 2009 ). The gene Cd630 36610 was used as the internal reference, as its expression was determined to remain unchanged between growth conditions tested.
AVAILABILITY OF SUPPORTING DATA
Microarray data will be deposited in the GEO database under accession number GSE109453.
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